Abstract This work determined elemental concentrations for rare earth elements (REE) in granite rock samples using the INAA absolute method. The accuracy of INAA absolute method was determined by analyzing two of USGS STM-1 and MAG-1 standards. The analytical results agreed reasonably well with certified values. In general, all analytical results had Z score less than 1.0 excepting Yb. The REE found in granite rock samples ranged from 116 to 325 mg kg -1 . The total content of REE in granite rock samples was 206 mg kg -1 . Patterns for REE were also studied in the present work.
Introduction
The REE is divided into two sub-groups: those from La to Sm (i.e. lower atomic numbers and masses) being referred to as the light rare earth elements (LREE) and those from Eu to Lu (higher atomic numbers and masses) referred to as heavy rare earth elements (HREE). The significant growth of interest in the geochemistry of the rare earth elements (REEs) is because of the realization that the measured degree of REE fractionation in a rock or mineral can be a pointer to its genesis [1] .
In the Earth's crust, the estimated average concentration of the rare earth elements (REEs) is 150 to 220 mg kg -1 [2] . Ce is the most abundant element in the earth's crust at 60 mg kg -1 and the least abundant ones are Tm and Lu at 0.5 mg kg -1 [3] . The main source of REEs are found in rock contain carbonatites, igneous rocks comprising more than 50 % carbonate minerals. REE also are found in high concentration in some alkaline igneous rocks (characterized by their high content of alkali metal). Other potential concentrations of REE-bearing minerals are also found in placer deposits, residual deposits formed from deep weathering of igneous rocks, pegmatites, iron-oxide copper-gold deposits, and marine phosphates [2] . In addition, the carbonatites and alkaline igneous rocks are mainly found in the interiors of tectonic plates, which are away from the active plate margins where volcanic activity is at its greatest.
Rare earth elements play an important role in geochemical studies to elucidate evolutionary processes of geological cycles, providing information on derivation and dating of igneous rocks [1, 4] . Interest in REEs is growing due to their extensive utility in modern industry such as metallurgy, oil refinery, glass, ceramics, electronics, nuclear engineering as well as in high technology applications like semi-conductor, super-conductors, optics and laser research [4] .
Technical advances in analytical chemistry during recent years have enabled accurate, routine measurement of individual REE concentrations in most geological materials even when the elements are in very low abundance [1] . The concentrations of REEs are usually determined by inductively coupled plasma-mass spectrometry (ICP-MS), inductively coupled plasma atomic emission spectrometry (ICP-AES), and isotope dilution-thermal ionization mass spectrometry (ID-TIMS). These analytical techniques require the sample to undergo dissolution or melting before measurement. Therefore Neutron Activation Analysis (NAA) is the preferred technique for difficult-to-dissolve sample e.g. soil and rock sample.
Neutron activation analysis (NAA) is a specially suited technique for determining heavy metals and REEs present in environmental samples; soil, sediments, plants, water, air particulates [5] . Since this technique provides accurate results within a reasonable timescale [6] .
Malaysia is one of the country that has REE deposits [2, 7] , but unfortunately the literature REEs data of Malaysian rocks is rather scarce, especially that of granite. Chakraborty et al. studied the REE in Kuantan basalt [8] . A study of the REE in dolerite dykes of Kuantan area was made by Ram et al. [9] . Wan Hassan and Hamzah, studied the REEs in granitic rock [10] . Additionally, the distribution of REE in marine sediments of Malaysia coasts was studied by Rezaee et al. [3, 11] . Due to economic importance of REEs, a great deal of research work is oriented into the characterization of samples containing REEs, therefore, this study seeks to determine the REE concentration and their patterns in granite rock samples from different Malaysia states, by means of the INAA absolute method.
Method of calculation
To determine the elemental concentration in unknown samples by using the INAA absolute method, it is necessary to calibrate the neutron spectrum parameters in the irradiation facility, i.e. the determination of the epithermal neutron flux shape factor (a), thermal to epithermal neutron flux ratio (f), the thermal and epithermal flux (u th , u epi ) as well as the full-energy-peak efficiencies (e c ) [12, 13] . These parameters were determined in our previous work [14] .
The elemental concentrations based on INAA absolute method is given by the following expression. 
where q is concentration of irradiated element (mg kg -1 ); N p is measured gamma net peak area (counts); t c is counting time; h is isotopic abundance of the target isotope N 0 ; M is atomic mass (g mol -1 ); c is the gamma-ray abundance, i.e. the probability of the disintegration nucleus emitting a photon of this energy (photon. decay time; C is counting factor; C ¼ ð1 À e Àkt c Þ=kt c , W is mass of irradiated element (g); e p is the photopeak efficiency of the detector, i.e. the probability that an emitted photon of given energy will be detected and contribute to the photo-peak in the spectrum, R is reaction rate.
The uncertainty in elemental concentration determined by the INAA absolute method can be estimated as:
where DW is uncertainty in mass of sample, DN p is the uncertainty in number of counting (statistical error). De is uncertainty in photopeak efficiency and DR is uncertainty in reaction rate associated with nuclear data and neutron flux parameters (e.g. a, f, u th , u epi ).
Investigate the accuracy of the INAA absolute method
An estimation on the accuracy of the INAA absolute method can be obtained by comparing experimental results of an analysis of certified reference materials with the data reported in the certificates. The estimate is expressed as a standardized difference ''Z'' referred to as Z test score, which takes into account the uncertainties of the experimental result and the uncertainty in the certified value. The Z score value is expressed as [15] :
where X exp and X cert are the experimental and certified value, respectively, r exp and r cert are the experimental and certified uncertainty respectively. Granite is the major type of igneous rock that is abundantly available in Peninsular Malaysia. The ages of the granites in Malaysia range from Permian to Cretaceous, with the majority of Triassic age. Granite batholiths in the East and West Region show younger granite with age ranged 255-270 million years in the East and 220-240 million years in the West, while the age of granite in Central Region ranged from 200-220 million years. Small granite bodies of late Cretaceous age occur in southern Peninsular in Johor and Melaka. Late Cretaceous granite has also been confirmed in the Northern part of the Central Region [10] .
Materials and methods

Geological
Sampling and analysis
Twenty granite rock samples were collected from rod cuts and quarries sites. The collection of these samples was extended to different localities indicated in Fig. 1 and Table 1 . The granite rocks were pulverised/crushed and were separated by means of a 63 lm mesh sieve. To remove moisture, the samples were dried at 100°C for 24 h and were carefully weighed using an electronic balance with a sensitivity of 0.01 mg. The collection of samples covered six states of Peninsular Malaysia: Perak, Penang, Kelantan, Negeri Sembilan, Selangor and Johor.
Sample preparation for INAA Vial of 1 cm diameter and 3 cm length were chosen and then cut back to 1 cm length. The polyethylene vial was placed in 30 % HNO 3 over night after cutting to eliminate every contamination prior to sample irradiation. Approximately 0.15-0.20 g from each rock sample was transferred into polyethylene vial and sealed. Each sample was prepared in duplicate. Each sample was co-irradiated with Au wire and Zr foil monitor to determine the neutron flux parameters simultaneously with the sample. In addition a 2 mg Au (with Al-0.1 %Au) was co-irradiated with each sample or standard. The specific activities of the gold monitors are used to correct for flux differences between the samples and the standard. The samples were irradiated at PUSPATI TRIGA Mark II research reactor, for 6 h at RR (Rotary Rack) and for 1 m at PTS (Pneumatic Transfer System) with an average flux of 2.15 9 10 12 n cm -2 s -1 at maximum thermal power of 750 KW.
The data were collected for various REEs measurements after appropriate cooling time. After 3 days from the end of irradiation at the RR, the La and Sm radionuclides were measured at 10 cm from the detector. The rest of REEs radionuclide were analysed after 2-4 weeks of cooling time to cover the short, medium and long-lived radionuclides [14] . The gamma ray intensities (peak areas) were evaluated either manually especial for Nd or by automatic analyzer integration of suitable manually selected spectral region of interest covering the peaks. The irradiated samples were measured using a calibrated HPGe Canberra GC3018 detector with Genie 2000 software. The measurement time was 1 h for the first counting and 2 h for the second counting. In the case of short-irradiation at the PTS the samples were counted for 15 min after a decay period of the 10-20 min for determination of Dy. The elemental concentrations was calculated from experimental data using the formulae described in Eq. (1).
Analysis of certified reference material (CRM)
In order to check the accuracy of the INAA absolute method, the neutron activation of STM-1 and MAG-1 USGS (United States Geological Survey) standards were carried out. Approximately 0.2 g of USGS standard material was weighted in the vial after cutting to 1 cm length. The standard prepared and irradiated in similar procedures to samples.
Results and discussion
Accuracy and reliability Table 2 shows comparison between the certified and experimental results for USGS STM-1 and MAG-1. The experimental results are in good agreement with the certified values within the given uncertainties, i.e. with Z scores between 0 and 2; hence, these results were accepted as with suitable precision. shows the comparison of REE patterns in the present study with certified and published values for STM-1 and MAG-1 respectively, as shown our data agree very well with certified and published values of these two standards.
Concentration of rare earth elements (REEs)
In the present study the concentration of nine rare earth elements (La, Ce, Nd, Sm, Eu, Tb, Dy, Yb and Lu) in granite rock samples were measured using the INAA absolute method. These concentrations were determined based on the Høgdhal reaction rate convention for all REEs except for Eu and Lu which were determined by the Westcott formalism. Table 4 shows the concentration of REEs in our samples from the weighted mean of all measurements. The concentration of REEs varied in rock samples according to the mineral composition of the sample. The highest REEs concentration value were recorded for Ce in all samples which values ranging from 136 to 48.90 mg kg -1 ; followed by La ranging from 81 to 25.25 mg kg -1 ; and Nd ranging from 76 to 12.36 mg kg -1 . The lowest REEs was recorded for Lu in all samples with values ranged from 0.90 to 0.42 mg kg -1 . All REEs were determined with an overall uncertainty of less than 10 % with the exception of Nd and Lu. The associated uncertainty of Nd is consistently higher, most likely due to the contribution of statistical error in the Nd net peak area.
Rare earth element patterns
The REEs data should be normalized to (i.e. divided) standardized abundances for chondritic. The content of REE in the analysed rock samples were normalized to the abundances in chondrites given by Anders and Grevesse as tabulated in Henderson [1] .
In Table 5 P REE refers to the total rare earth element content in the rock sample. The ratio of LREE over HREE is referred to as enrichment or depletion of REEs and the Eu/Sm ratio gives information about the ''Europium anomaly''. In addition, La/Ya and La/Lu ratios give information related to materials under study and chondritic meteorites. From Table 5 , the total rare earth elements investigated in rock samples varied from 116 to 325 mg kg -1 with an average of 206 mg kg -1 . The ratio of LREE/HREE in rock samples varied from 9.18 to 20.05 with an average of 12.85. These values indicate that the LREEs were more enriched than were HREEs in the samples under study.
The content of rare earth elements in eight granite rock samples (G1-G8) from quarry sites in Johor state are compiled in Table 5 ; their patterns are given in Fig. 4 . Their REE patterns seemed similar to varied negative Eu anomalies. The total content of rare earth elements ( P REE) in rock samples G1, G2, and G3 (collected from the Kamad Quarry, Ulu choh with granite color varying from red to pink) ranged from 251 to 271 mg kg -1 with an average of 261 mg kg -1 . The REE patterns for all three rock samples seemed similar, showing a moderately strong negative Eu anomaly with Eu/Sm ratios ranging from 0.08 to 0.10. The ratios of LREE/HREE for samples G1, G2 and G3 showed enrichment of LREEs (i.e. depletion of HREEs). They had La/Lu ratios eight times higher than chondrites. The REE patterns for four granite samples (G4, G5, G6 and G7) from Hanson Quarry Products (Kulai) with granite varying in colour from black to black and white, showed enrichment of LREE with LREE/HREE values ranging from 9.18 to 10.48. Their P REE values ranged from 116 to 187 mg kg -1 with an average of 146 mg kg -1 . Sample G4 showed a very small (almost absent) negative Eu anomaly with a Eu/Sm ratio of 0.21. Sample G6 and G7 showed moderately small negative Eu anomalies with Eu/ Sm ratios of 0.14 and 0.19 respectively; whereas G5 showed a strong negative Eu anomaly with a Eu/Sm ratio of 0.07. The La/Lu ratios for the samples were three to five times higher than that of chondrites. The P REE value for the granite sample G8 taken from the Kim Seng Quarry was 184 mg kg -1 . Figure 4 clearly shows hardly noticeable negative Eu anomaly with an Eu/Sm ratio of 0.19. The La/Lu ratio is six times higher than that of chondrite.
The P REE value for one granite sample from the Taiping Quarry (G9) was analyzed for REEs. The P REE was 239 mg kg -1 with a LREE/HREE ratio of 13.35. A negative Eu anomaly with an Eu/Sm ratio of 0.09 was clearly seen in Fig. 5 , The La/Lu ratio of the sample is five times higher than that of chondirte. Note that the REE pattern for sample G9 closely approximates the granite sample (G1-G8) collected from Johor.
The content of REEs in two granite samples, G10 and G11, taken from Kuala Pilah, Negeri Sembilan, are shown in Fig. 6 . Their P REE values varied from 232 to 236 mg kg -1 with an average of 234 mg kg -1 . A moderately negative Eu anomaly was observed with Eu/Sm ratios raging from 0.11 to 0.25. The ratio of LREE/HREE for these samples showed enrichment of LREE. The ratio of La/Lu was ten times higher than that of chondrites.
Three granite samples, G12, G13 and G14, collected from Bukit Mertajam, were analyzed for REEs content and their patterns are shown in Fig. 7 . The total REE content ( P REE) ranged from 121 to 234 mg kg -1 with an average of 162 mg kg -1 . Their negative Eu anomalies were observed to be similar to Eu/Sm ratios with values ranging from 0.10 to 0.12. Enrichment in LREEs was observed. The La/Lu ratio is six to twelve times higher than that of chondrites.
Granite samples G15, G16 and G17 collected from Kuala Kubu Baru were found to have a small to moderate negative Eu anomaly with Eu/Sm ratios from 0.10 to 0.23 as shown in Fig. 8 . Their P REE ranged from 155 to 325 mg kg
with an average of 255 mg kg -1 . The LREE/HREE showed enrichment of LREE with a LREE/HREE ratio ranging from 10.86 to 14.53. The samples had La/Lu ratios of about seven to nine times higher than that of chondrites.
The REEs content in granite samples G18, G19 and G20 and their patterns are shown in Fig. 9 . Their patterns seemed similar with total P REE content values ranging Generally, the patterns of selected granite rocks are divided into two groups. The first group contains negative Eu anomalies (range Eu/Sm is about 0.07-0.11) varied from moderate to strong and the second group has little or no Eu anomalies (Eu/Sm is about 0.12-0.25). In addition, the presence or absence of the Eu anomalies in granitic rocks are related to the amount of equilibration of the magma with plagioclase [1] .
The general feature of REE patterns for granite samples are characterized by a steeply slope in the LREE region and much flatter in the HREE region, and separately by negative Eu anomalies that varied from small to strong.
All analysed granite samples show LREE enrichment compared to HREE. This may be due to the varying amounts of certain heavy minerals (grant, zircon and monazite) and varied Eu anomalies observed in the samples [23] .
In most cases granite samples with higher P REE values show a slight stronger negative Eu anomalies.
Igneous rocks such as granite have been found to have higher REE than sedimentary rocks. There is a correlation between content of REE in the sample with U and Th concentration. The concentration of U and Th are enriched in the samples that have higher REE content.
Conclusions
In this study, an alternative analytical method was established for determining the elemental concentration of REEs The REE found in granite rock samples ranged from 116 to 325 mg kg -1 . The total content of REE in granite rock samples was 206 mg kg -1 . Patterns for REE were also studied in the present work. The general feature of REE patterns for analyzed rock samples was characterized by a steep slope in the LREE region and a much flatter tracing in the HREE region. Furthermore, separate negative Eu anomalies either varied from moderate to strong with an Eu/Sm ratio range of 0.07 to 0.11 or with little or no Eu anomalies with an Eu/Sm ratio ranging from 0.11 to 0.25. Most analyzed rock samples had greater LREE enrichment than HREE. In conclusion, the present study proves a successful demonstration of REE determination in granite rock samples using INAA absolute method with good accuracy.
